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1  Objectives 

The  overarching  goal  of  this  project  was  to  better  understand  and  exploit  voltage-induced 
piezoelectricity  in  thin-fdm  strontium  titanate  (STO)  and  barium-strontium  titanate  (BST),  with 
the  ultimate  objective  of  creating  high-performance,  reconfigurable  fdters  and  frequency-agile  RF 
components.  Unlike  conventional  BAW  technology,  the  piezoelectric  coupling  in  BST  is 
controlled  by  an  applied  DC  field.  In  the  absence  of  a  DC  field  no  acoustic  resonance  is  observed; 
when  a  DC  field  is  applied  the  device  becomes  piezoelectrically  active  and  acts  like  a  high-Q 
BAW  resonator,  a  fundamental  building  block  for  frequency-selective  circuits.  This  effective 
was  first  discovered  and  examined  under  an  earlier  ARO-funded  program  (W91 1NF0610431), 
and  the  present  project  was  intended  to  further  the  understanding  and  identify  refinements  in 
processing,  and  device  design/layout,that  would  result  in  significant  improvements  in  the  prior 
state-of-the-art.  In  particular,  loss  contributions  from  device  parastics  and  interface  quality  were 
examined  and  improved,  and  initial  filter  circuits  were  realized  with  improved  devices. 
Characterization  of  the  device  behavior  over  temperature  and  different  RF  power  levels  was  also 
explored  in  this  program.  Further  improvement  in  the  technology  will  require  a  focus  on 
improving  the  BST  material  quality  and  interface  roughness.  Among  other  possibilities  this  new 
technology  allows  for  a  new  class  of  filters  that  would  address  a  critical  need  in  modem 
communication  systems. 

Key  T erms/ Abbreviations/ Acronyms : 

BAW:  Bulk  Acoustic  Wave 

VBAW:  Voltage-Activate  Bulk  Acoustic  Wave  (technology  proposed  herein) 

ABR:  Acoustic  Bragg  Reflector.  A  high  reflectivity  “mirror”  for  acoustic  waves  formed 

using  alternating  layers  of  high  and  low  impedance  materials. 

SMR:  Solidly-Mounted  Resonator:  a  BAW  device  fabricated  on  an  ABR. 

FBAR:  Film  Bulk  Acoustic  Device:  A  BAW  device  suspended  on  a  thin  membrane. 

BST:  Barium  Strontium  Titanate 

STO:  Strontium  Titanate 


1 


©Bob  York  20 16 


2 


Accomplishments 


2  Accomplishments 


2.1  Improved  Device  Design  with  Patterned  Mirrors 


The  acoustic  Bragg  reflectors  (ABR)  used  in  our  work  consist  of  four  quarter-wavelength 
alternating  high  and  low  acoustic  impedance  layers.  For  simplicity  and  convenience,  a  pair  of 
Pt/Si02  layers  has  been  used  in  our  SMR  devices,  although  in  a  practical  device  more  layers 
would  be  preferred  to  yield  a  higher  reflection  coefficient.  Earlier  work  had  identified  sources  of 
loss  that  were  limiting  performance  associated  withparasitic  resistances  and  capacitances  in  the 
underlying  mirror  structure.  A  new  device  design  was  proposed  to  address  these  issues  using  a 
patterned  mirror  structure.  This  was  explored  using  two  identical  devices  fabricated  on  different 
mirrors. 


10  pm 

30x30  pm2 

_ ^^SMR  Device 

1  1 

1  1 

Ground 

Signal  Ground 

Au 

Au 

Si02 

SI02 

1 

BST L 

sapphire 

*  Model  and  Data  of  30  x  30  pm^  BST  Solidly 
Mounted  Resonator  (SMR). 

*  Simple  device  for  easy  fabrication 
(Blanket  ABR). 

*  Parasitic  capacitance  and  resistance 

*  Qs  =  28,  Qp  =  86,  =  5.71  % 


Figure  1:  Device  stmcture  on  unpattemed  ABR,  identifying  key  parasticis.  The  measured 
magnitude  and  phase  of  the  impedance  is  shown  around  the  resonance  point  at  20  V  applied  DC 
bias.  The  BVD  model  prediction  is  shown  for  comparison. 


Figure  1  illustrates  the  original  device  structure  using  a  blanket  ABR,  along  with  measured  data. 
The  one-port  scattering  parameters  were  measured  using  a  Cascade  Microtech  probe  station, 
GGB  GSG  probes,  and  an  E8361A  vector  network  analyzer.  The  collected  data  was  fitted  to  the 
Butterworth-Van  Dyke  (BVD)  model  and  the  quality  factor  of  the  resonators  was  calculated  using 
Qr  a  =  {f  l'^)d(pldf  ,  where  cp  is  the  phase  of  the  input  impedance,  and  the  derivative  with  respect 
to  frequency  is  evaluated  at  the  resonant  and  antiresonant  frequencies.  The  effective 
electromechanical  coupling  coefficient  was  calculated  by  The  figure 

identifies  sources  of  resistance  and  parasitic  capacitance  in  the  structure  that  limit  the 
performance 
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Figure  2  shows  the  improved  device  structure  using  a  patterned  ABR,  implemented  by  liftoff 
prior  to  BST  deposition.  The  quality  factors  of  the  voltage  acitivated  BST  SMRs  with  patterned 
and  unpattemed  ABRs  are  Qr  =  55  and  Qa  =  116,  and  Qr  =  28  and  Qa  =  86  respectively,  at  20  V 
applied  bias.  The  data  clearly  shows  a  significant  improvement  in  the  quality  factor  between  the 
device  with  patterned  and  unpattemed  ABR.  Also  the  effective  electromechanical  coupling 
coefficient  was  calculated  by  {fa  -  fr)l^fa  6.51%  and  5.71%  for  the  patterned 

and  unpatterend  ABR  devices  respectively,  at  20V  applied  bias.  This  result  is  significant  in 
demonstrating  that  the  losses  are  not  all  associated  with  the  BST  material  itself,  but  also 
influenced  significantly  by  the  quality  of  the  ABR  and  other  device  parastics.  Further 
improvements  in  device  Q  would  therefore  be  expected  by  using  more  aggressive  lithography  to 
shrink  access  resistances  in  the  electrodes,  and  additional  layers  in  the  ABR  to  improve  the 
reflection  coefficient. 


10  pm 

30x30  |jm2 

^^SMR  Device 

r  "  ’ 

,  I 

Ground 

Signal Ground 

•  Model  and  data  of  a  30  x  30  |jm^  BST 
SMR. 

•  Patterned  acoustic  Bragg  reflector 
(ABR),  and  dual  bottom  electrode. 

•  Q3  =  55,  Qp  =  1 1 6,  =6.51  % 


Figure  2:  New  device  structure  on  a  patterned  ABR  formed  by  liftoff  prior  to  BSt  deposition.  The 
measured  magnitude  and  phase  of  the  impedance  is  shown  around  the  resonance  point  at  20  V 
applied  DC  bias.  The  BVD  model  prediction  is  shown  for  comparison.  The  new  device  structure 
yields  significant  improvements  in  device  quality  factors. 


2.2  Initial  Circuit  Demonstrations 

Our  first  attempt  at  fabricating  voltage  activated  BST  bulk  acoustic  wave  filters  yielded 
encouraging  results.  A  ladder  stmcture  filter  composed  of  a  series  and  shunt  bulk  acoustic  wave 
resonators,  and  a  capacitively  coupled  solidly  mounted  resonator  filter  were  fabricated.  The  L- 
section  building  block  of  a  ladder  filter  is  illustrated  schematically  in  Figure  3  (top),  and  the 
narrow  band  RF  data  for  the  ladder  stmcture  filter  are  summarized  in  the  figure  and  showing 
good  agreement  between  the  model  vs.  data.  At  OV  bias  the  filter  behaves  as  a  series  and  shunt 
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capacitors,  however  when  a  dc  bias  voltage  is  applied,  10  V  in  this  case,  we  observe  a  band  pass 
fdter  response  at  the  approximately  6GHz.  The  insertion  loss  and  return  loss  were  measured  to 
be  -4.26  dB  and  -13.5  dB,  respectively.  The  3dB  bandwidth  of  the  fdter  was  measured  to  be  72 
MHz  and  the  quality  factor  of  the  fdter  was  calculated  hyQ  =  j to  be  84,  where  fo  is  the 
center  frequency  and  BW3dB  is  the  3dB  bandwidth.  Also  shown  are  the  wideband  characteristics 
of  the  filter  from  3-9GHz,  showing  approximately  5.25  dB  of  isolation  between  the  on  and  off 
states  and  4  dB  of  out-of-band  rejection  with  respect  to  the  center  frequency. 


Series  resonator 
10x10  and 
shunt  resonator 

20  X  10  pm^. 


Figure  3:  Schematic  diagram  and  photograph  of  fabricated  (a)  one  section  ladder  structure  VBAW 
BST  SMR  filter  and  (b)  capacitively  coupled  BST  SMR  filter.  Wide  band  two  port  scattering 
parameters  on  and  off  characteristic  for  voltage  activated  BST  SMR  filter  at  lOV  dc  bias. 

Practical  filters  would  be  constructed  of  a  large  cascade  of  these  L-section  blocks.  For  example,  a 
typical  FBAR  device  used  in  cellular  communications  has  nine  or  more  sections  cascaded, 
resulting  in  much  higher  isolation  and  sharper  frequency  selectivity.  Figure  4  illustrates  how  the 
response  changes  when  additional  devices  are  cascaded  to  form  a  ladder  structure,  using  the 
modeled  data  from  Figure  3.  The  out-of-band  rejection  and  on-off  isolation  improve  as  more 
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sections  are  cascaded,  however  the  insertion  loss  also  increases,  highlighting  a  key  area  for  future 
improvement  in  this  technology. 


c, 


O 


o 


Figure  4:  Predicted  response  of  larger  ladder  structures,  using  the  model  fitted  to  experimental  data 
in  Figure  3. 


Figure  5  shows  the  capacitively  coupled  solidly  mounted  resonator  structure,  along  with  the  two 
port  scattering  parameters  for  a  capacitively  coupled  15x15  pm^  BST  SMR  filter  biased  at  30  V. 
The  measured  insertion  loss  of  the  filter  is  -3.66  dB  and  the  return  loss  is  -13.74  dB.  At  the 
resonant  frequency  there  is  35  dB  of  rejection  with  respect  to  the  antiresonant  frequency.  Also 
illustrated  is  the  on  and  off  states  of  the  filter  and  approximately  20  dB  of  isolation  between  the 
on  state  and  the  off  state.  This  voltage  activated  BST  BAW  filter  technology  demonstrates  a  new 
direction  for  reconfigurable  filters. 


Shunt  SMR  is  15  x  15  pm' 
IL  =  -3.66  dB 
RL  = -13.74  dB 
0^  =  135,  Qp  =  87 
On  state  =  30V 
Off  state  =  OV 


Series 

BST 

Cap 


Figure  5:  Capacitively  coupled  BST  SMR  filter  two  port  scattering  parameters  data  vs.  model  and 
on  and  off  behavior. 
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2.3  Temperature-Dependence  of  Devices 

Temperature  dependent  one-port  scattering  parameters  were  measured  using  a  cryogenic  RMC 
probe  station,  Cascade  Microtech  probe  station,  Cascade  Mircotrech  ACP  150pm  GSG  probes, 
and  an  E8361A  vector  network  analyzer.  The  system  was  under  vacuum  (5.8e-5  Torr)  prior  to  the 
start  of  measurements  and  the  temperature  was  varied  from  228K  to  243K  in  5K  steps,  from 
245K  to  293K  in  2K  steps,  and  from  298K  to  393K  in  5K  steps.  The  data  was  collected  on  a 
30x30  um2  device  on  patterned  mirrors  (Figure  6)  over  an  applied  dc  bias  of  OV  to  30V  in  5V 
increments. 


Figure  6:  (a)  Photograph  of  30  x  30  pm^  BST  SMR  with  patterned  ABR  and  (b)  schematic  of  BST 
SMR  with  patterned  ABR. 


Figure  7  illustrates  the  variation  of  the  series  (left)  and  parallel  (right)  resonances  frequency  over 
temperature.  The  variation  of  the  series  and  parallel  resonant  frequency  normalized  to  the 
resonant  frequency  at  20‘’C  is  0.83%  and  0.73%  at  30V,  0.73%  and  0.69%  at  25V,  0.97%  and 
0.6%  at  15V,  and  0.67%  and  0.33%  at  5V.  The  quality  factor  of  the  resonator  was  calculated 
using  a  =  (/ l'^)d.(pldf  ,  where  cp  is  the  phase  of  the  input  impedance,  and  the  derivative  with 
respect  to  frequency  is  evaluated  at  the  resonant  and  antiresonant  frequencies.  Also  the  effective 
electromechanical  coupling  coefficient  was  calculated  by  ^^,eff  -  {fa  ~fr  )l^fa  ■ 


Series  Resonant  Frequency 


Temperature  (K) 
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Figure  7:  Series  (left)  and  parallel  (right)  resonances  frequency  vs.  temperature  for  four  difference 
dc  bias  voltages  5V,  15V,  25V,  and  30V. 
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Figure  8:  Series  (left)  and  parallel  (right)  frequency  effective  quality  factors  vs.  temperature  for 
four  different  dc  bias  voltages  5V,  15V,  25,  and  30V 


Figure  8  shows  the  variation  of  the  series  and  parallel  resonance  quality  factors  over  out 
temperature  range.  The  variation  over  temperature  of  the  series  and  parallel  resonance  quality 
factor  normalized  to  the  quality  factor  at  20°C  is  30.2%  and  54.7%  at  30V,  26.8%  and  54.2%  at 
25V,  38.1%  and  46.5%  at  15V,  and  46.6%  and  66.0%  at  5V.  Figure  9  illustrates  the  effective 
electromechanical  coupling  coefficient  variation  over  temperature.  This  variation  is  normalized 
to  the  effective  electromechanical  coupling  coefficient  at  20°C  is  40.7%  at  30V,  46.1%  at  25V, 
78.7%  at  15V  and  188.7%  at  5V. 


Figure  9:  Effective 
electromechanical  coupling 
coefficient  vs.  temperature  for 
four  different  dc  bias  voltages 
5V,  15V,  25V,  30V. 


Temperature  (K) 


To  appreciate  the  impact  of  these  results  on  circuit  performance.  Figure  10  illustrates  the 
temperature  variation  in  the  center  frequency  and  insertion  loss  of  the  L-section  filter  of  Figure  3 
over  select  temperature  points.  The  insertion  loss  increased  with  increasing  temperature  -4.27  dB 
at  233K  to  -4.98  dB  at  393K.  The  frequency  decreased  with  increasing  temperature  from  6.053 
GHz  at  233K  to  6.046  GHz  at  393K. 
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Figure  10:  Picture  of  fabricated  voltage  activated  BST  SMR  L-section  filter  (left)  and  temperature 
dependent  scattering  parameters  for  the  BST  voltage  activated  SMR  filter  in  the  on-state  at  lOV  dc 
bias,  at  233K,  273K,  293K,  313K,  353K,  and  393K  (right). 

2.4  Nonlinearity  and  IMD  Characterization 

Large  signal  performance  of  the  devices  was  investigated.  The  large  signal  performance  is  an 
important  design  consideration,  since  the  likely  end-use  of  these  devices  is  in  front-end  fdtering 
where  the  voltage  swings  can  be  quite  high.  Non-linear  two  port  measurements  were  done  using 
a  Cascade  Microtech  probe  station,  Cascade  Microtech  ACP  150pm  GSG  probes,  and  an  HP 
8564  spectrum  Analyzer.  The  measurement  setup  for  the  IdB  compression  point  and  third  order 
intercept  point  is  illustrated  in  Figure  11.  The  measured  IdB  compression  points  are  23dBm, 
27dBm,  and  24dBm  and  the  output  third  order  intercept  points  are  49dBm,  47.5dBm,  and 
42.5dBm  at  bias  points,  OV,  15V,  and  30V  respectively.  The  measurements  are  illustrated  in 
Figure  12.  The  data  demonstrates  good  non-linear  performance  and  a  decrease  in  the  IdB 
compression  point  and  third  order  intercept  point  with  increasing  bias.  The  abrupt  change 
observed  for  the  30V  bias  case  in  Figure  12  at  an  input  power  of  22.5dBm  per  tone  (roughly  6V 
peak-to  peak  signal  swing)  is  due  to  the  device  failing  at  that  combination  of  bias  and  power. 


Figure  1 1 :  Photograph  and  block  diagrams  of  the  two-tone  IMD  measurement  setup. 
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Measured  P1dB  Compression  Point 

•  26  dBm  at  OV 

•  27  dBm  at  15V 

•  24  dBm  at  30V 
Measured  OIP3 

•  49  dBm  at  OV 

•  47.5  dBm  at  15V 

•  42.5  dBm  at  30V 


Figure  12:  Plots  of  IdB  compression  (top  blue  curve)  and  third  order  intercept  point  (bottom  red  curve)  for 
voltage  activated  BST  bulk  acoustic  wave  solidly  mounted  resonator  (a)  OV,  (b)  15V  and  (c)  30V  DC  bias. 


2.5  Importance  of  Surface  Roughness  on  Q-factor 

Aside  from  the  parasitic  losses  discussed  earlier,  we  have  identified  two  other  prominent  loss 
mechanisms:  surface  roughness  at  the  interfaces  of  the  acoustic  layers,  which  leads  to  scattering 
losses  that  scale  directly  with  RMS  roughness,  and  intrinsic  losses  in  the  material  that  relate  to  the 
material  quality  and  crystal  structure.  To  address  the  former  issue  we  investigated  a  chemical 
mechanical  polishing  (CMP)  process  for  our  BST  SMR  devices.  For  simplicity  a  four  layer 
blanket  acoustic  Bragg  reflector  was  fabricated  using  alternating  layers  of  Pt  and  Si02.  Prior  to 
starting  the  CMP  the  surface  roughness  of  the  top  Si02  layer  was  measure  by  AFM  (Figure  13, 
left)  and  after  the  CMP  process  the  sample  was  measured  again  by  AFM  (Figure  13,  right).  The 
significant  improvement  in  surface  roughness  are  tabulated  in  the  figure.  To  demonstrate  the 
effectiveness  of  this  processing  step  a  simple  SMR  device  was  fabricated  on  top  of  both  the 
unpolished  and  polished  ABR  surfaces.  Figure  14  shows  the  scattering  parameters  and  quality 
factor  for  a  device  fabricated  on  an  unpolished  ABR,  and  Figure  15  shows  the  one  port 
scattering  parameters  for  and  q-factor  for  the  device  on  the  polished  ABR.  We  see  immediately  a 
significant  improvement  in  the  quality  factor  due  to  the  reduction  in  the  surface  roughness  of  the 
acoustic  Bragg  reflector.  Further  analysis  showed  that  there  is  significant  variation  (26%)  in  the 
top  surface  Si02  thickness  over  the  sample  after  Chemical  Mechanical  Polishing.  To  improve  the 
resonator  quality  factor  further  we  will  reduce  the  top  Si02  thickness  variation  to  less  then  1 0% 
by  modifying  the  CMP  process  parameters,  improve  the  interfacial  roughness  of  the  top  BST 
layer  by  post  deposition  surface  preparation  by  CMP  at  UCSB  Nanofabrication  facility,  reduce 
acoustic  damping  losses  in  the  ABR  by  exploring  alternative  materials  and  redesigning  the  ABR 
to  account  for  shear-wave  excitation. 
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Accomplishments 


Before  CMP 

After  CMP 

Location 

RMS  (nm) 

Z-Range  (nm) 

RMS  (nm) 

Z-Range  (nm) 

1 

4.602 

35.354 

0.504 

3.745 

2 

4.670 

38.137 

0.611 

5.002 

Before  CMP  After  CMP 


0  2.50  5.00  Mm  0  2.50  5.00  pm 


Figure  13:  AFM  images  of  unpolished  (left)  and  polished  (right)  ABR  Si02  layer.  The 
measurements  are  tabulated  in  the  top  of  the  figure. 


freq  (lO.OOMHz  to  40.00GHz) 

Figure  14:  Scattering  parameters  (left)  and  quality  factor  (right)  of  a  unpolished  voltage  activated 
BST  SMR  device. 


Freq  (5.0  GHz  to  7.0  GHz)  Voltage  (V) 

Figure  15:  Scattering  parameters  (left)  and  quality  factor  (right)  of  a  polished  voltage  activated  BST 
SMR  device. 
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To  address  intrinsic  fdm  losses,  we  have  initiated  an  investigation  of  MBE-grown  BST  as  the 
active  layer  for  our  devices,  in  collaboration  with  Prof  Stemmer  at  UCSB,  .  This  new  oxide- 
MBE  capability  yields  BST  thin  fdms  with  quality  factors  in  excess  of  1000,  corresponding  to 
loss  tangents  of  less  than  0.001.  A  simple  device  was  fabricated  using  MBE  BST  and  the  one 
port  scattering  parameters  where  measured.  Figure  16  illustrates  the  device  structure  (top),  the 
fitting  of  the  data  to  the  BVD  model  (left),  and  the  effective  electromechanical  coupling 
coefficient  which  is  6.6%  at  7V  which  is  considerably  higher  when  compared  with  sputtered 
BST.  We  believe  that  MBE  materials  could  result  in  significant  improvemenst  in  perfomace  due 
to  a  combination  of  improved  film  quality  (and  hence  lower  instrinsic  dielectric  and  acoustic 
losses),  and  improved  surface  roughness  (atomically  smooth  surfaces).  This  could  the  the  topic 
of  a  future  investigation. 


1  Pt  100nm  I 

BST  -SOOnm 

Pt  100  nm 

STO  Substrate 

Freq  (GHz)  Voltage  (V) 


Figure  16:  Device  stmcture  (top),  BVD  model  vs.  data  (left),  and  effective  electromechanical 
coupling  factor  (right). 
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